We report the spin texture formation resulting from the magnetic dipole-dipole interaction in a spin-2 87 Rb Bose-Einstein condensate. The spinor condensate is prepared in the transversely polarized spin state and the time evolution is observed under a magnetic field of 90 mG with a gradient of 3 mG/cm using Stern-Gerlach imaging. The experimental results are compared with numerical simulations of the Gross-Pitaevskii equation, which reveals that the observed spatial modulation of the longitudinal magnetization is due to the spin precession in an effective magnetic field produced by the dipole-dipole interaction. These results show that the dipole-dipole interaction has considerable effects even on spinor condensates of alkali metal atoms. It is theoretically predicted that the interplay between the dipole interactions and spin degrees of freedom yields various intriguing phenomena, such as the Einstein-de Haas effect [9] [10] [11] and ground state spin textures [12, 13] . Experimentally the magnetization dynamics induced by the MDDI in spin-3 52 Cr BECs was observed, in which the external magnetic field is suppressed to below 1 mG so that the dipolar effects are not destroyed by Zeeman effects [14] . Although most spinor dipolar effects are typically obscured by Zeeman effects for a magnetic field of 1 mG, the weak MDDI in 87 Rb, which has a magnetic moment of µ B /2 or µ B , is expected to induce spin textures for specific spin preparation even in a magnetic field of about 100 mG [15] . These spin textures originate from the spatially inhomogeneous spin precession in an effective magnetic field produced by the MDDI.
It is theoretically predicted that the interplay between the dipole interactions and spin degrees of freedom yields various intriguing phenomena, such as the Einstein-de Haas effect [9] [10] [11] and ground state spin textures [12, 13] . Experimentally the magnetization dynamics induced by the MDDI in spin-3 52 Cr BECs was observed, in which the external magnetic field is suppressed to below 1 mG so that the dipolar effects are not destroyed by Zeeman effects [14] . Although most spinor dipolar effects are typically obscured by Zeeman effects for a magnetic field of 1 mG, the weak MDDI in 87 Rb, which has a magnetic moment of µ B /2 or µ B , is expected to induce spin textures for specific spin preparation even in a magnetic field of about 100 mG [15] . These spin textures originate from the spatially inhomogeneous spin precession in an effective magnetic field produced by the MDDI.
Spin texture formations in spinor BECs have been observed by several groups. Spin domain structures have been developed by coherent spin exchange dynamics [16, 17] and quantum phase transitions through quenching of the quadratic Zeeman energy [18, 19] . The spontaneous formation of periodic spin patterns was observed in Ref. [20] . The spontaneous decay of a helical spin structure to a modulated structure in Refs. [21, 22] may be ascribed to the MDDI, which is yet to be explained theoretically [23] .
In this Letter, we report the observation of spinor dipolar effects predicted in Ref. [15] using a spin-2 87 Rb BEC subject to an external magnetic field of about 90 mG. In our scheme, the helical spin structure is created by Larmor precession under an external field gradient of 3 mG/cm. The helical spin state is then modulated by its own MDDI. The time evolution of the spin distributions is observed using Stern-Gerach (SG) absorption imaging, and is then compared with the numerical simulation of the Gross-Pitaevskii (GP) equation with an MDDI. The observed spatial modulation of the longitudinal magnetization is thereby identified as the effect of the spin precession in the effective magnetic field produced by the MDDI.
The energy of the dipole-dipole interaction between magnetic dipoles µ and µ ′ located at r and r ′ has the form
where µ 0 is the magnetic permeability of the vacuum and e = (r − r ′ )/|r − r ′ |. When an external magnetic field B z is applied in the z direction and the Larmor precession with frequency µB z / is much faster than the other characteristic dynamics, we can take a time average of Eq. (1), giving [15, 24] 
which is the effective MDDI observed in this Letter.
In the mean-field theory for BECs, the magnetic dipole density is described by
, where g is the Landé g factor for the hyperfine spin, ψ mF is the macroscopic wave function (m F = −2, −1, · · · , 2), and S is the vector of spin-2 matrices. From Eq. (2), the mean-field energy of the Larmor-averaged dipoles is written as
is the effective magnetic field produced by the dipoles, withẑ being the unit vector in the z direction. Let us consider a situation in which all spin vectors are aligned in the x direction. It follows from Eq. (3) that the effective magnetic field b eff has the same direction as the spin vectors f [15] , as illustrated in Fig. 1(a) , and hence the Larmor precession around b eff does not change the spin direction. Applying a magnetic field gradient dB z /dz, we can twist the spin vectors along the z axis [25] . In such a helical spin structure, b eff deviates from f , as depicted in Fig. 1(b) . As a result, b eff causes spin precession that depends on the position r, and a spin pattern is expected to be formed.
The outline of the experimental setup and the timing diagram are shown in Figs. 2(a) and 2(b), respectively.
(color online) Absorption images of condensates taken at (a) T hold = 0 ms, (b) T hold = 100 ms, (c) T hold = 140 ms, and (d) T hold = 400 ms. In (a), (b) and (c), the magnetic field gradient of dBz/dz = 3 mG/cm is applied along the z-direction. In (d), the magnetic field gradient is almost zero.
We produce an 87 Rb BEC containing 3.9(2) × 10 5 atoms in the hyperfine state |F = 2, m F = 2 in a crossed faroff-resonant optical dipole trap (FORT) with axial and radial frequencies of ω z /(2π) = 20 Hz and ω r /(2π) = 120 Hz (see Ref. [26] for a more detailed description). In order to control the external magnetic field, the whole experimental setup is installed inside a magnetic shield room whose walls consist of permalloy plates. The external magnetic field of B z = 92.6 mG with a gradient of dB z /dz = 3 mG/cm is aligned with the axis of the trap (z direction).
The transversely polarized spin state is prepared by applying a resonant π/2 radio-frequency (rf) pulse, and thereby the z-dependent Larmor precession in the x-y plane induces spin dynamics. After holding for a variable time, T hold , the BECs are released from the FORT. Each m F component is spatially separated along the z direction by the SG method. After a time-of-flight (TOF) of 15 ms, the atomic distribution of each m F component is measured using absorption imaging.
The texture formation is clearly observed, as shown in Figs. 3(a)-3(c) . The double peaks are generated along the z direction in m F = 0 components as T hold is increased. In contrast, when dB z /dz is almost zero, in which b eff always has the same direction as the spin and does not affect the spin dynamics [see Fig. 1(a) ], apart from the decrease in atomic number due to the photon scattering from the trap light, no clear changes are observed, even with T hold = 400 ms [ Fig. 2(d) ]. For a TOF of 15 ms, the atomic distributions in the absorption images, such as the double peaks in Fig. 3 , reflect the spatial distributions in the FORT rather than the momentum distributions [27] .
In order to investigate the effect of the MDDI on the spin texture formation, we numerically solve the three 
dimensional GP equation,
where the right-hand side stands for the functional derivative. The mean-field energy E in Eq. (4) has the form,
where M is the mass of 87 Rb and
In the TOF stage, the harmonic potential in V mF is switched off. The swave interaction energy in Eq. (5) is given by E s = 4π with a f being the s-wave scattering length with the colliding channel of total spin f , ρ = mF |ψ mF | 2 , and
The initial state is prepared by the imaginary-time propagation method, and the time evolution is obtained by the pseudo-spectral method, where the convolution integral in the MDDI is calculated using a fast Fourier transform. The atomic loss due to the inelastic collision of F = 2 atoms hardly affects the dynamics and is neglected. The longitudinal magnetization is obtained from the data in Fig. 4 by using
where N mF (z) is the atom number density in component m F integrated over x and y. Figures 5(a)-5(c) show the z dependence of F z (z) for T hold = 0 ms (dotted curves), 100 ms (dashed curves), and 140 ms (solid curves). The spatial modulations of F z (z) are clearly observed in the experimental data [ Fig. 5 (a) ] and the simulation with the MDDI [Fig. 5 (b) ]. In the numerical simulation without the MDDI [ Fig. 5(c) ], on the other hand, F z (z) is monotonically decreased with z due to the spin current generated by the magnetic gradient force. The double-peak structures in Fig. 4 and the modulation of F z (z) in Fig. 5 can be understood from the spin dynamics. Figure 5(d) shows the spin vector distribution F (r) = f (r)/ρ(r) along the z axis obtained by the numerical simulation with the MDDI. The spin orientation twisted by the magnetic field gradient produces the effective magnetic field b eff as shown in Fig. 1(b) . As a result of the Larmor precession around b eff , the spin vectors acquire the +z (−z) component for z > 0 (z < 0), which is marked by the dotted circles in Fig. 5(d) . At the same time, the spin current generated by the magnetic field gradient accumulates the ±z spin components at the ∓z edges of the BEC. Thus, there appear two regions of F z > 0 (red, dark gray) and those of F z < 0 (yellow, light gray) in Fig. 5(d) , which is the origin of the double-peak structures in Fig. 4 and the modulation in Figs. 5(a) and 5(b) . From the simulation, the magnitude of b eff is found to be in the order of 10 µG. Figure 5 (e) shows the spin vector distribution F (r) obtained by the simulation without the MDDI, in which F z monotonically decreases with z.
In conclusion, we reported the observation of spinor dipolar effects in an 87 Rb BEC, in which the effective magnetic field induced by the MDDI forms the modulated helical spin texture. The observation is in good agreement with the numerical simulation of the GP equation including an MDDI. These experimental results show that MDDIs have considerable effects on the BECs of 87 Rb for specific spin states even though the isotropic contact interaction and Zeeman energies dominate the MDDI energy.
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